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Single crystal rubrene is a model organic electronic material showing high carrier mobility and long exciton 
lifetime. These properties are detrimentally affected when rubrene is exposed to intense light under ambient 
conditions for prolonged periods of time, possibly due to oxygen up-take. Using photoelectron, scanning 
probe and ion-based methods, combined with an isotopic oxygen exposure, we present direct evidence of the 
light-induced reaction of molecular oxygen with single crystal rubrene. Without a significant exposure to 
light, there is no reaction of oxygen with rubrene for periods of greater than a year; the crystal's surface 
(and bulk) morphology and chemical composition remain essentially oxygen-free. Grand canonical Monte 
Carlo computations show no sorbtion of gases into the bulk of rubrene crystal. A mechanism for 
photo-induced oxygen inclusion is proposed. 

Organic molecular crystals are ideal structures to explore fundamental electronic and optical properties of 
organic semiconductors (OSCs). Devices comprising single crystals of small molecules eliminate defects 
associated with grain boundaries or amorphous phases \ This facilitates the development of basic 
fundamental models of charge generation, transport and relaxation in this important class of materials. An 
understanding of the transport and photo -physics of single crystals enables greater insight into the ultimate 
behavior obtainable in organic thin-film devices. Such studies form a base-line for the more complex structures 
likely to appear in applied organic electronics. 

Environmental stability may hinder the commercialization of organic electronics. Deleterious effects of atmo- 
spheric gases (water, oxygen) are well documented for polymer and small molecule thin-film-based organic 
photovoltaics (OPVs)^'^, light emitting diodes (OLEDs)^, sensors^, and field effect transistors (OFETs)^'^. Broadly 
speaking, the nature of unwanted effects can be classified as physical, e.g. delamination of a thin-film from an 
electrode, or chemical, e.g. oxidation of the active component to generate donors/traps for charge carriers. Similar 
interactions with single crystal OSCs have received much less attention and motivate the present study. 

Rubrene is an ideal compound to study the interactions between oxygen and single crystal OSCs for three 
reasons. First, as single crystal rubrene displays the "best" electronic and optoelectronic properties of any OSC, 
with charge carrier mobility reaching up to 20 cm^V^s"^ in reproducible experiments, it has been the subject of 
numerous studies^"^^. Secondly, the existing understanding of the mechanism of reactions between oxygen and 
free rubrene molecules in gas or solution phases may facilitate the understanding of the interaction of oxygen 
with a solid-state form of this material, namely single crystalline rubrene. Finally, as intrinsic rubrene (C42H28) 
does not contain oxygen, effects of adsorption and incorporation can be examined at a sensitive level. 

There are conflicting reports in the literature regarding the interaction of oxygen and single crystal rubrene and 
the accompanying effect on rubrene's electrical and optical properties. (Unless otherwise noted, all further 
references to rubrene are intended to be understood as single crystal rubrene.) Maliakal et al. observed an increase 
in conductivity of rubrene crystals after exposure to oxygen at elevated temperatures, which was interpreted asp- 
type doping of rubrene by oxidation^^. Zhang et al. observed that the apparent mobility of rubrene FETs decreased 
after exposure to hydrogen gas and attributed this to the chemical reduction of oxidized rubrene^^, although this 
interpretation remains controversial given the existence of hydrogen traps^^ 

On the other hand, Chen et al. systematically observed a decrease of the field-effect mobility and conductivity 
of rubrene OFETs upon photo-oxidation^^. Krellner et al, using temperature-dependent space- charge-limited 
current spectroscopy, reported a bulk trap state at 0.27 eV above the valence band generated after intentional 
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photo- oxidation^^. The authors noted that a trap state of lower den- 
sity was also observed in crystals that had not been deliberately 
oxidized and was attributed to unintentional oxidation during sam- 
ple preparation. These effects are also consistent with reports by 
Karak, et al.^^. Najafov, et al. used photocurrent excitation spectro- 
scopy to observe a persistent decrease in the dark conductivity and 
photo -conductivity of rubrene crystals after an initial exposure to 
visible light in oxygen, followed by an extended incubation in the 
same environment without illumination^^. The authors proposed 
that micrometer- deep diffusion of oxygen into the bulk of the crystal 
occurring in the dark was triggered by the initial photo -oxidation. 
Using mass spectroscopy Kafer and Witte observed rubrene peroxide 
(C42H28O2) at the surface of poly- crystalline rubrene films after 
exposure to ambient conditions for a week^°. Note that the vacuum 
evaporation used to produce these poly- crystalline films differs 
greatly from the physical vapor transport (PVT) growth of high- 
quality free standing rubrene single crystals studied here. 

Several models may describe the interaction between molecular 
oxygen and single crystal rubrene. These models represent concepts 
proposed by ourselves and other aforementioned authors, and focus 
mainly on the structural relationship between oxygen and rubrene. 
In the dark, organic single crystals can be viewed as either an impen- 
etrable solid or a semi-porous material into which O2 can diffuse. 
Under illumination, a number of oxidized rubrene species can be 
created as the result of photo-oxidation. These species can be found 
at the surface, but can also exist in the bulk either due to incorpora- 
tion of oxygen in the bulk during crystal growth or through a mech- 
anism of diffusion into the lattice and a subsequent reaction with 
rubrene molecules. One can also envision the initiation and progres- 
sion of the oxidation as either occurring homogeneously along the 
crystal surface or at specific sites, e.g. molecular step edges or other 
surface defects as illustrated in Fig 1. 

Results 

In the current study, we utilize dynamic secondary ion mass spec- 
troscopy (SIMS), aided by exposing the crystals to isotopically 
labeled oxygen ^^62, x-ray photoelectron spectroscopy (XPS, 
Supporting Information), and atomic force microscopy (AFM), to 
reveal the mechanism, the dynamics and the length scale of oxidation 
and oxygen permeation in the model organic semiconductor, single 
crystal rubrene. Our results clearly show that there is little oxygen 
present at the surface or in the bulk of the crystals, even after pro- 
longed storage in oxygen/air, as long as the crystals are kept in the 
dark. However, concurrent exposure to light and oxygen results in 
gradual surface oxidation and permeation of oxygen into the crystals 
at depths up to several hundred nanometers. Aided by AFM imaging, 
we propose a mechanism whereby oxygen incorporation initiates 
and proceeds at step edges of the molecular solid surface. This model 



is consistent with the recent observations of nucleation of self- 
assembled monolayers along the step edges of rubrene^ \ This impHes 
that molecular step edges on pristine p-type molecular crystals are 
more reactive, and, given standard silanol-based chemistries, pos- 
sibly oxidized. 

Physical vapor transport enables the growth of single crystals of 
rubrene with high purity and structural order^'^^. To study the oxygen 
penetration, SIMS was used to characterize rubrene crystals photo - 
oxidized in a controlled manner. Isotopically enriched (97%) ^^02 
was used to distinguish between intentional oxidation and oxygen 
that may have been unintentionally incorporated in the samples 
during the crystal growth, or handling in the ambient. At atmo- 
sphere, samples received at most 1 h ambient illumination, with 
more typical exposure times less than 15 min (see Methods). 
Briefly, rubrene crystals were loaded into a vacuum chamber fitted 
with an optical window, and the system was evacuated to P ~ 1 X 
10"" Torr. After that, ''O2 (P ^ 350 Torr) was introduced, and the 
crystals were illuminated with an external halogen lamp with a broad 
spectrum (500-1000 nm) for a period of time. The UV component of 
the lamp is cut off by the glass window of the chamber. The samples 
were then removed from the chamber and transferred ex-situ for 
SIMS analysis. 

Experiments used large-area (—1.5 X 1.5 cm^) flat single crystals 
cleaved into two pieces, thus allowing the elimination of potential 
variations amongst different crystals. Fig. 2 shows SIMS data 
obtained on the two pieces of the same rubrene crystal, both exposed 
to the same oxygen environment. One was illuminated, while the 
other (control sample) remained in the dark. Profiles of oxygen 
concentrations for both ^^O and ^^O as a function of depth into the 
crystal are displayed in Fig. 2 for both samples. 

It is clear that only the illuminated sample exhibits penetration of 
oxygen into the bulk of the crystal, with ^^O concentration decreasing 
with depth to a level of 10^^ atoms/cm^ (the detection limit of our 
instrument) at —600 nm below the surface. The concentration of ^^O 
near the surface of the illuminated crystal is —4 X 10^° cm"^, which is 
still considerably smaller than the concentration of O atoms expected 
for a monolayer of rubrene peroxide, —2.8 X 10^^ cm"^. It is import- 
ant to note that SIMS was used for elemental analysis in the results 
presented here. We have separately performed TOF-SIMS experi- 
ments which provide information on the molecular species that are 
sputtered from the surface, and we obsesrve rubrene with one and 
two oxygen atoms incorporated in the sputtered molecular fragments. 
Note that crystalline rubrene has 4 molecules per unit cell with a 
volume of 2800 A^ (for details of the crystal structure, see ref 33). 

The crystal that was kept in the dark exhibits no additional ^^O in 
the bulk. The near- surface region of both the illuminated and control 
samples exhibits a moderate increase in ^^O and ^^O, which is likely 
due to a combination of physisorbed molecular oxygen and rubrene 




• Rubrene 

• Oxygen 

• Rubrene Oxide 






Figure 1 | Schematic illustration of the proposed interaction of O2 with single crystal rubrene. In the absence of light, oxygen is not able to oxidize 
densely packed terraces or penetrate in the crystal bulk. Under illumination the oxygen reacts with rubrene at steps/surface defects, opening up the crystal 
lattice to allow for penetration into the bulk. 
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Figure 2 | Concentration of atomic oxygen as a function of depth into the crystal revealed by SIMS. A comparison is given between the oxygen isotope 
C^O) and naturally occurring oxygen C^O) background. For this experiment, a large monolithic single crystal was carefully cut into two halves that 
were simulateously exposed to isotopically enriched molecular oxygen (^^02), one piece - in the dark (right panel), and the other piece - under 
illumination (left panel). 



oxide formed during the sample handling. In either case, the difficulty 
in precisely interpreting SIMS data within the first few nanometers of 
the surface is well-known. Nevertheless, it is clear from the SIMS data 
(Fig. 2, right panel) that the oxygen concentration at the surface of the 
crystal kept in the dark (-1.5 X 10^' cm"' for '"O, and -10^' cm"' 
for ^^O) is orders of magnitude smaller than the concentration cor- 
responding to a fully oxidized surface (3 X 10^^ cm"^), thus suggest- 
ing that only approximately one out of two hundred rubrene 
molecules at the surface of pristine single crystals is oxidized. The 
low level of oxygen incorporation in the absense of light is further 
corroberated by XPS studies (see Supporting Information). 

The SIMS experiments (here and below) clearly show that the 
concurrent exposure to light and oxygen is necessary for a surface 



oxidation and permeation of oxygen into rubrene crystals. Thus, a 
model for this up -take emerges that views the crystal as impenetrable 
to O2 in the absence of photo -excitation (Fig. 1, left), with illumina- 
tion initiating an oxidation of the surface defects and facilitating a 
pathway for oxygen incorporation. 

Fig. 3 provides a comparison of SIMS profiles obtained from three 
crystals exposed to various combinations of oxygen/illumination to 
further confirm the model discussed above. ^^O is found at a depth of 
—50 nm and — 150 nm in the crystals exposed to ^^02 and light for 6 
and 24 hours, respectively (red and black curves). This is close to the 
factor of two expected in a simple diffusion model enabled by light 
exposure. The third rubrene crystal was first exposed to ^^02 for 18 h 
in the dark and then for an additional 6 h under illumination (blue 
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Figure 3 | (Left) Depth profiles of oxygen concentration obtained by SIMS in rubrene crystals subjected to various photo -oxidation treatments. 

(a) Crystal exposed to ^^02 and illumination for 24 h; (b) crystal exposed to ^^02 and illumination for 6 h; (c) crystal exposed to ^^02 for 18 h in the dark 
and then for additional 6 h under illumination. The dependence with respect to light exposure, combined with exposure in the dark, provide evidence 
that penetration and diffusion of oxygen does not occur in the dark. Oxygen incorporation requires both oxygen exposure and light illumination. 
(Right) Wire-frame and space-filled models of single crystal rubrene are shown from the perspective of the b-c planes. The green and white balls represent 
carbon and hydrogen, respectively. Based on our calculations, we find that single crystal rubrene cannot absorb oxygen into its bulk without having a 
significant lattice distortion. 
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curve): the SIMS concentration profile for this sample closely follows 
the "6 hours + light" profile (red curve). This composite further 
proves that exposure to oxygen in the dark is insufficient for oxygen 
up -take, but that exposure combined with illumination is required 
for oxygen incorporation. Such impenetrability of single crystalline 
rubrene to O2 is in agreement with grand canonical Monte Carlo 
simulations indicating that rubrene shows no intrinsic porosity 
towards O2 or even He (Fig. 3 and Supporting Information). 

Having established that oxygen can react with the surface and 
enters rubrene bulk only in the presence of light, it is of interest to 
understand the mechanism of oxygen penetration. AFM imaging of 
the (a,b) facet of rubrene crystals stored in air in the dark reveals that 
the surface prior to photo -oxidation consists of flat terraces vertically 
separated by —1.5 nm-tall molecular steps, which is consistent with 
previous studies (Fig. 4, top)^^'^^. When illumination is minimized, 
no changes in the morphology of the surface are observed for periods 
extending up to a year. However, photo -oxidation initiates a rough- 
ening primarily along the step edges (Fig. 4, bottom); this image 
corresponds to a 12 h exposure to ^^02 under our typical illumina- 
tion. The AFM profile of the photo -oxidized rubrene reveals a height 
increase of ~ 1 nm continuous along the step edges. The step edges 
also exhibit isolated larger features, the "beads", on the order of 7- 
10 nm in height as also observed by Thompson et aV^ The remain- 
der of the rubrene terrace remains relatively flat and largely un- 
affected. Although having a full three dimensional nanoscale image 
of the oxygen density would help clarify the structure and give clues 
as to how oxygen is distributed in the film, this is not yet technically 
feasible for this class of materials. Atom probe tomography and TEM 
result in excessive damage to such samples. Current NanoSIMS 



instruments are limited to 50 nm lateral resolution at best, and are 
not optimzed for depth profiling. SEM or SAM would likewise not 
yield a meaningful nanoscale 3D map of low level oxygen impurities 
in an organic crystal. 

The photo -oxidation of rubrene is strongly temperature depend- 
ent. There is a substantial increase in the amount of ^^O present both 
on and below the surface, as the oxidation temperature is increased 
(Fig. 5). Possible causes include: (i) an increase in the rate of the 
oxygen - rubrene reaction (activated reaction between O2 and 
rubrene molecules); (ii) an increased rate of surface diffusion, step 
flow, and formation of surface defects (e.g., an increase in step edge 
roughening, generation of rubrene "holes" or isolated rubrene mole- 
cules at the terraces); or (iii) an increase in the rate of O2 diffusion in 
the bulk (once the rubrene lattice is distorted around the oxidized 
surface molecules). A control rubrene crystal heated at 85°C for 24 h 
in the dark retains the terraced structure of pristine rubrene crystals 
(similar to the one shown in the top panel of Fig. 4). Contrary to this 
control sample, heating the surface under illumination changes the 
structure drastically (Fig. S3). 

Finally, we note that there is a uniform ^^O background in the 
rubrene bulk with an easily detectable atomic concentration of about 
1.5 X 10^^ cm"^. (As explained in the Supplementary Information 
the temperature dependence of this "background oxygen level" indi- 
cates that it exceeds the instrumental background of the SIMS appar- 
atus). Given the concentration of rubrene molecules in the crystal is 
1.43 X 10^^ cm"^, this level of oxygen represents approximately one 
rubrene peroxide molecule per 200 rubrene molecules in the bulk of 
the crystal. This background level extends at least several microns 
into the bulk of the crystal, possibly throughout the entire crystal. 




Figure 4 | AFM of rubrene crystal before and after photo-oxidation. Pristine rubrene crystals exhibits well-resolved molecular terraces at the -facet 
with a height of 1.5 nm (top). This is the case even for the crystals stored in air for years, as long as exposure to visible light is brief. Illumination 
in the presence of oxygen results in a preferential modification of molecular steps (bottom). The height scale is 7 nm (top) and 13 nm (bottom). This 
suggests that photo-induced interaction of rubrene with oxygen occurs (at least initially) primarily at molecular step edges and other surface defects. 
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Figure 5 | Photo-oxidation of single crystal rubrene in ^^02 performed at 
different temperatures (indicated). The SIMS profiles show that both the 
penetration depth and concentration of ^^O increase significantly with 
temperature. Annealing of the crystals in oxygen atmosphere in the dark at 
similar temperatures does not lead to such a pronounced enhancement of 
oxygen incorporation. 

The exact source and chemical nature of this oxygen are unclear and 
require further investigation. 

Discussion 

With these data, one can propose a model of how oxygen interacts 
with rubrene single crystals. In the dark, O2 exhibits only minimal 
interaction with the rubrene surface and is unable to penetrate into 
the bulk. Illumination of rubrene with light of sufficient energy 
(above the rubrene band-gap) in the presence of oxygen leads to 
the gradual oxidation of rubrene. Oxidation of the rubrene tetracene 
backbone has been shown both experimentally and theoretically to 
be more favorable than that of the pendant phenyl groups, and thus 
accelerated reaction at this location is expected^^'^^. Given the struc- 
ture of the single crystal unit cell, it is at the step edge that the acene 
backbone of the rubrene molecule is most exposed. In some cases, as 
with the formation of rubrene endoperoxide, oxidation of the acene 
will lead to a loss of planarity in the backbone^^. This could lead to a 
distortion of the local crystal lattice that ultimately results in the 
roughening observed at the step edges. However, this selective rough- 
ening of the step edge (on the order of ~1 nm, covering a small 
fraction of the surface) cannot account for the oxygen detected by 
SIMS hundreds of nanometers into the bulk. Thus, a probable mech- 
anism that accounts for all these observations is a gradual permeation 
of O2 into the crystal under photo -excitation with visible light that 
occurs through defects and a subsequent chemical reaction between 
O2 and rubrene. Though the details of this process require further 
study, we suggest that incorporation of oxygen proceeds via a step- 
by-step process. In this process, rubrene molecules along the step 
edges are first photo -oxidized, which distorts the surrounding crys- 
talhne lattice sufficiently, so that O2 can diffuse in further through the 
oxidized regions to reach rubrene previously protected by the densely 
packed crystal structure (Fig. 1, right). 

Methods 

Single crystals of rubrene were prepared via the physical vapor transport growth 
method with He (Matheson, UHP 99.995%) as the carrier gas. Starting material 
consisted of as-received powder (Sigma Aldrich, sublimed grade) and/or purified 
crystals (typically recrystallized 2-4 times). All crystals used for this study were of the 
"platelet" morphology (area > 1 cm^, thickness > 0.5 mm). Crystals were mounted 
on a metal foil using silver paint prior to oxidation and analysis. The base pressure of 
the oxidation chamber was 1 X 10"^ Torr. Illumination intensity in photo -oxidation 



experiments was 250 ± 25 mW/cm^ and the resulting temperature at the sample was 
below 30°C as measured in-situ by thermocouple. After oxidation samples were 
transferred ex- situ for analysis. 

SIMS data were acquired using a PHI ADEPT 1010 Quadrapole analyzer instru- 
ment. Secondary ions were detected in the negative ion mode, employing Cs"^ as the 
primary ion source. The sputter depths are accurate to approx. 1% (calibrated by 
stylus profilometry of the sputtered crater). The size of the crater is 500 X 500 um, 
and the area of acceptance is 10% of the total sputtered area. Charge compensation 
was employed using electron bombardment. 

XPS spectra were taken with a Perkin-Elmer hemispherical analyzer with a non- 
monochromatic Al Ka x-ray source hi)= 1486.6 eV. At 17.9 eV pass energy, the full 
width at half maximum (FWHM) of the Cu 2p 3/2 core level is 1.2 eV. AFM images 
were obtained using a Digital Instruments Multimode AFM with a Nanoscope IV 
controller operating in "tapping mode." 
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